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ABSTRACT
The modern framework of Caribbean coral reefs is a product of resilient structures
that have survived extreme variations in sea level for the past 18,000 years. However, the
added influences of anthropogenic pressures, including ocean acidification, overfishing,
pollution and bleaching make the future response to sea level rise uncertain. Carbonate
production in the Caribbean is no longer at these historic rates and reefs may not be able
to keep pace with the projected increases in sea level. This could have dramatic impacts
on the hydrodynamics in coral reef environments, as reef morphology strongly influences
these processes. Coral reefs are regarded as natural breakwaters and in turn, act as
shoreline protective structures. If a reef is not at a sufficient height in comparison to the
water level, wave energy dissipation is diminished and more energy is transferred to the
shoreline, resulting in increased shoreline erosion. Wave driven flows are important in
reef environments and it should be expected to see resultant changes in flow associated
with various energy regimes, altering lagoonal flushing, water quality and nutrient
uptake.
This study was conducted on the southeastern side of Buck Island Reef National
Monument, a microtidal Acropora palmata-dominated barrier reef system located 2 km
NE of St. Croix, USVI. Tidal variability in energy dissipation and current velocities was
used to represent future sea level conditions assuming a static reef system. Using Wave
Height Pressure Sensors (WHPS) to measure water surface fluctuations, results show that
wave energy dissipation is tidally dependent with approximately 20% less dissipation at
iv

higher tides. Using Aquadopp current profilers (ACP), the magnitude of lagoon currents
and flushing appear to be wave driven and tidally dependent, with current velocities
ranging from 35 cm s-1 at low tide and 15 cm s-1 at high tide. High tide conditions could
be representative of a low tide scenario at an increased sea level of 0.4 m, which is within
the range of the 2100 IPCC AR4 projections. Accordingly, the results of this study
suggest that sea level rise will have substantial impacts to the hydrodynamics of reef
systems, sediment transport processes and coral community structures.
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CHAPTER 1
INTRODUCTION
Coral reefs are considered natural breakwaters that protect their coincident
shorelines. The reef forces wave transformation and breaking (Lugo-Fernandez et al.
1998a; Young 1989; Huang et al. 2012; Taebi et al. 2012) which influences energy
dissipation, wave driven flows, bed shear stresses and boundary layer conditions (Young,
1989). Energy dissipation by coral reefs is important for reef morphology, shoreline
stability, species distribution and nutrient uptake (Hearn 1999, Huang et al. 2012). Reefs
are especially important during storm events, forcing large storm waves to break further
offshore and preventing or minimizing the shoreline erosion that is often associated with
hurricanes and tropical storms (Hubbard et al. 1991, Richmond 1993). From an
engineering perspective, the height of a breakwater compared to the water depth is crucial
in terms of creating an effective structure (Komar 2007). Coral reefs operate under this
same principle. The height and slope of the reef and the mean sea level (MSL) determine
the degree of energy dissipation that will occur (Hearn 1999).
In a recent study by Storlazzi et al. (2011), numerical models were used to
demonstrate the impact of future rising sea levels on fringing reefs regarding
hydrodynamics and sediment transport. These numerical models suggested a decrease in
breaking wave heights at the reef crest, a landward migration of the maximum breaking
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wave, greater wave heights and more energetic waves over the reef flat, and an increase
in wave induced shear stress on the bed and stronger currents generated as a result of a
reduced height in hydrodynamic roughness with greater wave driven flows. Storlazzi et
al. (2011) also demonstrated that with increasing sea levels, currents would be impacted
leading to ecological implications such as a reduction in lagoon flushing and water
renewal. These reductions have impacts on nutrient availability, water clarity and
community distribution (Roberts et al. 1975, Lugo-Fernandez et al. 1998, Hearn 1999,
Storlazzi et al. 2011).
A tidally dependent reduction in energy dissipation has been observed in other
reef environments (Roberts and Suhayda 1983; Lugo-Fernandez et al. 1998, 1998a).
Additionally, wave breaking has been shown to strongly influences currents and
circulation within reef lagoons (Roberts and Suhayda 1983; Roberts et al. 1975; LugoFernandez et al. 1998a, Hearn 1999). Roberts and Suhayda (1983) observed an increase
in mean current velocities from 0.07 m s-1 at high tide to 0.17 m s-1 at low tide at a reef
lagoon in Nicaragua. Lugo-Fernandez et al. (1998a) also observed stronger currents at
low tide because of increased wave breaking. Hearn (1999) explains that the wave
breaking at the forereef creates wave setup on the front of the reef flat that creates a
pressure gradient over the reef flat and lagoon, which drives the lagoon circulation
current. The current strength depends on the degree of wave setup, water depth and
friction. The greatest overtopping of water over the reef crest was at low tide, i.e. lower
sea levels, which allowed for lagoon water renewal, nutrient transport, temperature and
salinity moderation and sediment distribution (Roberts et al. 1975; Lugo-Fernandez et al.
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1998a). These observations emphasize the importance of wave action in the overall
health of a reef environment.
The Intergovernmental Panel on Climate Change (IPCC) fourth assessment report
(2007) projects a sea level rise of between 0.18 and 0.59 m by 2100. However, other
studies suggest that sea level rise may exceed these predications upwards of 1 m (Brown
et al. 2013). Current sea level trends in St. Croix are approximately 1.74 mm/yr (NOAA
2013) and average cotemporary reef accretion in shallow water habitats in the Caribbean
is approximately 0.68 mm yr-1 (Perry et al. 2013). Therefore, it is important to start
assessing how reef processes will change if sea level rise surpasses the rate of vertical
reef accretion, which the current trends suggest.
Coral reefs have historically adapted to changes in sea level. Throughout the
Holocene and Pleistocene, sea level rose rapidly to levels 100 m higher than present
including meltwater pulses that increased rapidly over a short timespan (Macintyre,
2007). Cores can be used to reconstruct how corals responded during these 18,000 years
of sea level fluctuations. Neumann and Macintyre (1983) coined the terminology of
“keep up”, “catch up” and “give up” reefs. The “keep up” reefs maintained growth under
conditions of rapid sea level rise, including increased turbidity and sedimentation.
However, some reefs (“catch up”) lagged in growth, followed by rapid accretion, with
fast growing branching coral species. “Give up” reefs were not able to maintain growth
rates comparable to the rising sea level and drowned. Many of these “keep up” reefs
developed the platform for modern reefs. In addition to sea level rise, modern day reefs
face a combination of stressors that Holocene reefs did not (Tager et al. 2010), including
ocean acidification, pollution, overfishing and bleaching associated with increasing sea
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surface temperatures. It is probable that the fate of modern reefs will be different than
those of the Holocene with fewer “keep up” reefs.
Perry et al. (2013) compared Mid-Holocene and contemporary carbonate
production rates and the health of Caribbean reef systems. They found that in shallow
water habitats (< 5 m) carbonate production (i.e. accretion) rates were a magnitude lower
than Holocene rates, with 0.68 kg CaCO3 yr-1 versus 3.6 kg CaCO3 yr-1. A carbonate
production of less than 1 kg CaCO3 yr-1 is on the threshold of becoming net negative.
Additionally taking the moderate (5-10 m) and deep (>10 m) habitats in to consideration,
modern rates are 50% lower than mean Holocene rates. Of all of the reefs surveyed by
Perry et al. (2013), 21% were net negative (erosional) and 26% were net positive
(accretional). They also identified a live coral cover threshold of 10%; reefs with less
than 10% live coral cover were net negative in carbonate production. Additionally, they
found that relict Acropora palmata reefs were more likely to be net negative than
Montastraea spur and groove formations. Montastreaea spp. have become the dominant
reef building species in the Caribbean, a role formerly held by A. palmata throughout the
Quaternary until approximately the 1980s (Tager et al. 2010). Perry et al. (2013) have
attributed these reductions in carbonate production to ecological declines associated with
anthropogenic influences. As of 2013, seven key reef building species in the Caribbean
have been proposed for placement under the Endangered Species Act, including A.
palmata, A. cervicornis and three Montastraea species (NOAA 2013).
Therefore, the purpose of this study was to investigate the wave processes and
current velocities at a barrier reef and lagoon using tidal range as a proxy for sea level
rise. This study seeks to better understand and quantify the potential changes that may be
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associated with an increase in sea level from a field-based perspective. It is hypothesized
that wave energy reduction and lagoon flushing will decrease with sea level rise and
assumes a reef that is net erosional with high tide conditions representative of low tide at
a sustained elevated sea level.
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St. Croix

6
Figure 1. St. Croix is located among the Greater Antilles islands of the Caribbean (inset). Buck Island Reef
National Monument is located approximately 2 km northeast of St. Croix. Data provided by ESRI.
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CHAPTER 2
METHODS
2.1 STUDY SITE
This study took place at Buck Island Reef National Monument (BIRNM) from
11-18 November 2012. Buck Island is located approximately 2 km northeast of St. Croix
in the Caribbean (Fig. 1) and is managed by the National Park Service (NPS). This is a
barrier reef system that extends from the southeastern side of the island counterclockwise to the western side of the island to form Buck Island Bar. The study site was
specifically located on the southeast reef (17.78oN 64.61oW) where there is a wellformed lagoon with a cleaner reef profile than the opposing side of the island. BIRNM is
a microtidal environment with the predominant winds from the easterly trades (National
Park Service, 2011). Meteorological data were collected from a nearby NOAA station
”CHSV3” in Christiansted Harbor, 6 km southwest of Buck Island on St. Croix.
Bathymetry data (Fig. 2) was derived from a 2011 LiDAR survey by NOAA’s
Center for Coastal Monitoring and Assessment (Available from:
www.ccma.nos.noaa.gov/ecosystems/coralreef/stcroix_data.aspx) and used to construct
benthic habitat maps. The bathymetry indicates the shelf offshore is approximately 12 to
17 meters below sea level (MBSL) rising abruptly to a steep forereef slope with a
gradient of 16% and transitioning to a lagoon that ranges from 1 to 4 MBSL. The
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Figure 2. Bathymetry map derived from a 2011 NOAA LiDAR survey.

8

spatially coincident habitat maps (Fig. 3) show that within the study site, the reef
structure is characterized as aggregate reef surrounded by several patch reefs. Visual
observations reveal that Acropora palmata (Fig. 3A) comprises the aggregate reef and
Montastraea annularis was the major species comprising the patch reefs (Fig. 3B).
According to a 2011 NPS survey, the live coral cover on the south forereef at Buck Island
was down to nearly 6% (Fig 4., modified from
www.science.nature.nps.gov/im/units/sfcn/coralstatus.cfm), below the 10% live coral
threshold (Perry et al. 2013).
2.2 FIELD EXPERIMENT
Several instruments were used to quantify the hydrodynamics of this reef system.
In order to determine the wave characteristics, three wave height pressure sensors
(WHPS), designed and built by the Marine Science Institute at the University of
California, Santa Barbara, were deployed in a cross reef transect.. The sensors were
secured to cinder blocks, deployed 0.27 m above the bed, and programmed to sample
continuously using a 4 Hz sample rate. The WHPS are labeled ‘FR’ for the forereef
location, ‘BR’ for the back reef location and ‘LA’ for the lagoon location. FR was
deployed in 12.3 m of water 240 from shore, BR in 1.3 m of water and 136 m from shore
and LA in 2.4 m of water and 126 m from shore (Fig. 5).
Current velocity and direction data were collected with two 2 MHz Nortek
Aquadopp current profilers (ACP) deployed in the lagoon. One of the ACPs, ‘ACP1’ was
co-located with LA while ‘ACP2’ was located at the opening of the lagoon channel (Fig.
2). The ACPs collected data using 10 minute profiling intervals with an averaging
interval of 10 minutes. The bin size, c, of the profiler was set to 0.5 m for both locations
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with a blanking distance, b, of 0.2 m. The ACPs were bottom mounted to a specialized
metal frame 0.13 m above the bed (hbed). All instruments were deployed using rope to
enable a guided placement on to sandy substrate.
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Figure 3. A) Benthic habitat maps derived from a 2011 NOAA LiDAR survey. B) The ‘Aggregated
Reef’ is comprised primarily of Acropora palmata, Elkhorn Coral. C) The surrounding ‘Aggregated
Patch Reefs’ are primarily Montastraea annularis, Boulder star coral.
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Figure 4. Modified from National Park Service (2011) to display the 10% live coral threshold in the Caribbean identified
by Perry et al. (2013). Three bleaching events (grey boxes) have been identified as causing a reduction in live coral cover
since 2005. The South Fore Reef (location of this study), is below the live coral threshold from 2006
2006-present.
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Figure 5. A) The southeast reef complex of Buck Island Reef National Monument.
Monument B) The reef
profile along the instrument transect derived from the LiDAR data with a vertical exaggeration
of 10x.
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2.3 DATA ANALYSIS
The WHPS were calibrated to convert the instrument output (in counts) to
pressure (in dbar) and then converted to sea surface elevation (in meters). Spectral
analysis was performed using the Welch method of power spectrum estimation using the
Hanning window to determine the dominant wave periods (Tp). The transform length was
set to 64 points with an overlap of 0.75 of the transform length for data smoothing. The
time series was broken into approximately 17-minute records (4096 samples) and
detrended before running a Fast Fourier Transform (FFT) algorithm where a depth
attenuation correction was applied. The depth attenuation correction is a high pass filter
with cutoff frequencies of 0.25 Hz for the deeper FR location and 0.5 Hz for the
shallower BR and LA locations. Next, the inverse of the FFT was determined to estimate
significant wave heights (Hs):
  4 

(1)

where w is the reconstructed sea surface data. According to Emery and Thompson
(2001), it is more efficient to compute the spectrum using FFT as opposed to applying an
autocovariance lag window to the time domain.
The WHPS data was used to determine the tidal segments for additional analyses.
The observed peaks were identified and plotted alongside data from the NOAA tide
gauge in Christiansted Harbor to verify the tidal temporal segments were comparable. A
2.49-hour segment, encompassing six high and seven low tides, was selected to represent
10% of the daily diurnal tidal cycle (Fig. 6).
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15
Figure 6.. Temporal locations of high and low tide segments identified and labeled. Low tides are displayed in
blue and high tides in red.
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Using the significant wave heights, wave energy (E) was estimated for each tidal
segment:


 

(2)



where ρ is the density of seawater (kg m-3), g is the acceleration due to gravity (m s-2) and
E is energy (W m-2). The percent energy reduction was determined using:





 


 100

(3)

from Lugo-Fernandez et al. (1998). The ‘offshore’ and ‘onshore’ variables change
respectively between the different locations being compared, i.e. FR to BR, BR to LA.
Ered from the FR to BR represents the energy reduction through wave transformation and
breaking by the reef. The BR to LA energy reduction was calculated to determine the
reduction by continued wave transformation and bottom friction. The energy reduction
from FR to LA was calculated to determine the total reduction along the transect.
The bin depth (D) on the ACPs were calculated to determine the usable bins for
analysis:
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where i represents the bin number. Based on these depths, bins 1-3 were used for ACP1
and bins 1-6 for ACP2. The depth-integrated and surface currents were estimated by
averaging all usable bins and the upper third of usable bins, respectively.
The currents were rotated in the alongshore (u) and cross-shore (v) directions.
From u and v, the net current was calculated:

Net current = √, %  

(5)

The temporal durations of the tidal segments were applied to the alongshore, cross-shore
and net currents to determine the mean flow velocity and direction (for alongshore and
cross shore).
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CHAPTER 3
RESULTS

Offshore conditions were collected for the seven-day sampling period (Fig. 7).
During this time, the mean wind velocity was 1.74 m s-1, with a mean direction of 107o,
or from an ESE direction (Fig. 7a). The tides alternate between mixed semi-diurnal and
diurnal, however the tides remained diurnal throughout this study (Fig. 7b). Wave
conditions at station ‘FR’ were used to represent offshore wave conditions. Significant
wave heights averaged 0.30 m (Fig. 7c) with dominant wave periods varying between 510 s, which is within the range for wind-driven waves (Fig. 7d).
3.1 WAVES
Spectral analysis was run on each of the tidal segments. LT5 and HT4 were
selected to depict the spectral characteristics of this sampling period, as the tidal range
between these two tides was the greatest and experienced normal offshore forcing
conditions i.e. average winds, significant wave heights, and dominant wave periods
representative of the seven-day sampling period.
Figure 8 displays the spectral density at the three WHPS locations in the offshore
to onshore direction for high tide. The dominant peak observed is in the 0.2-0.1 Hz range,
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Figure 7. Summary of offshore forci
forcing conditions. a) wind velocity collected from NOAA
buoy ‘CHSV3’ at Christiansted Harbor ~6 km SE b) tidal levels through the sampling period
c) significant wave heights collected from FR d) dominant wave period collected from FR
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representative of wave periods ranging from 5-10 s. This frequency is retained
throughout the entire transect and remains as the dominant peak throughout the sampling
period. The spectral shape remains relatively uniform for each location suggesting the
wave is unbroken as it traverses the reef and propagates into the lagoon.
The spectral density plots for LT5 (Fig. 9) also show dominant peaks in the 5-10
s range. The 10 s peak is most prominent in the FR location. This peak is still observed
at BR and becomes less prominent at LA. However, another more prominent peak is
observed at all three locations in the ~60 s range (~ 0.016 Hz) but is most pronounced at
BR and LA.
The significant wave heights for the sampling period are displayed in Figure 10.
Hs at FR is representative of offshore conditions with no strong tidal variability, while the
Hs at both BR and LA show a strong tidal dependence. The reduction in Hs can be
observed in the along-transect direction, with the smallest waves associated with LA. The
differences in the conditions at FR and the tidal dependence observed at BR and LA can
be attributed to the influence of the reef. Hs peak observed near day 1 was due to a storm
event. Correlation analysis between Hs and water depth (Fig. 11) indicates that there was
not a significant relationship between Hs and water depth at FR (R=0.2012, p>0.05) but a
significant relationship between the variables at BR (R=0.9173, p<0.001) and LA
(R=0.9211, p<0.001).
Using Hs, the wave energy was calculated using Eq. 3 and used to determine the
percent energy reduction, Ered (Fig. 12), for each interval. Overall, Ered from the most
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offshore sensor (FR) to the most onshore sensor (LA, Fig. 12A), was 96.00 ± 1.55% at
low tide and 64.86 ± 9.11% at high tide. This energy reduction is due to the combination
of wave breaking, transformation and frictional losses. To determine the reef contribution
to energy reduction, i.e. wave breaking, Ered between FR and BR (Fig. 12B) was
estimated to be 93.49 ± 2.68% at low tide and 66.88 ± 9.80% at high tide. Losses due
primarily to friction from bottom roughness and shallower water are observed between
BR and LA (Fig. 12C). The reduction at low tide was 38.15 ± 3.57% and 26.48 ± 5.78%
at high tide. Overall, approximately 20-30% more energy was able to traverse the reef at
high tide, associated with an increase of 0.4 m of sea level. Energy reduction and wave
characteristics are summarized for all high tide (Table 1) and low tide (Table 2)
segments.
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Figure 8. Spectral density plots by location at high tide (HT4).
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Figure 9. Spectral density by location at low tide (LT5).
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24
Figure 11. Significant wave height (Hs) by location. FR is representative of offshore, incident waves. BR and LA
display a prominent tidal dependency.
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Figure 10. Wave height versus water level by location along the transect with corresponding
correlation coefficients.
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Figure 12. Percent energy reduction determined from Hs. A) Total Ered through the transect
B) Ered from FR-BR,
BR, reduction by the reef C) Ered from BR-LA,
LA, reduction due to friction
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Table 1. Summary of wave characteristics and energy reduction by high tide segment and
location.
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Table 2. Summary of wave characteristics and energy reduction by low tide segment and
location.
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3.3 CURRENTS
The top one-third of the depth profile was used to investigate the near surface
flow characteristics (Fig. 13). This resulted in the use of one 0.5 m bin for ACP1 and two
0.5 m bins for ACP2. The surface currents were rotated in the alongshore and cross-shore
directions for ACP1 and ACP2, shown in Fig. 13A and Fig. 13B, respectively. There was
no correlation between the alongshore and cross-shore winds and currents (r2=0.143 and
r2=0.0024, respectively). The surface currents by tidal segment are summarized in Table
3. For both locations the dominant flow was onshore and westward or towards the
lagoon channel opening (Fig. 13C). The cross-shore flow in ACP2 had a strong diurnal
signal, which suggests a tidal influence and potentially lagoonal flushing. The depthintegrated alongshore, cross-shore and net currents are displayed in Table 4. The depthintegrated net currents show the flow is higher at ACP2 (Fig. 14). This may be due in part
to the larger depth at ACP2 and the interaction with the offshore flow and the proximity
to the lagoon channel.
The diurnal signal observed in ACP2 was plotted with the tidal level to determine
how the tides influenced these changes in velocities (Fig. 15). This demonstrates that
stronger velocities were associated with low tides and slower velocities with high tides
(r2=0.6287, p<0.01). Other reef studies (Roberts and Suhayda 1983; Lugo-Fernandez et
al 1998) observed the same relationship and attributed it to the transfer of breaking wave
energy to the current, which is a plausible explanation for this study. Visual observations
confirm that wave breaking was minimal at high tide.
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C

Figure 13. Surface currents from the upper 1/3 of the depth profiles, rotated in the
alongshore and cross-shore
shore directions. A) ACP1 B) ACP2 C) The direction of alongshore
and cross-shore flows
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ACP1
ACP2

31
Figure 14. Net currents by location. ACP1 is displayed in red, ACP2 is displayed in blue.
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Table 3. Summary of surface currents (top 1/3 of profiles). Bin 3 for ACP1,
1, Bins 5-6
5 for ACP2

ACP1

ACP2
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Table 4. Summary of depth-integrated
ntegrated currents
currents, average of bins 1-3 for ACP1 and bins 1-6
1 for
ACP2.

ACP1

ACP2
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34
Figure 15. Net surface current from ACP2 with tidal levels. Stronger flows are associated with low tides.

34

CHAPTER 4
DISCUSSION

This study used tidal range as a proxy for sea level rise and examined variations
in hydrodynamics to assess the potential effects of sea level on reef systems. Although
reefs have been subject to tidal fluctuations, this study uses high tide conditions to
represent a future low tide scenario, with present day maximums becoming future
minimums (future low tide). This implies that future high tide conditions would be values
higher than observed at any level in this study. The current state of the reef at the Buck
Island study site is poor. A bleaching threshold has been crossed on three occasions since
2005, decimating the live coral cover from its previous level of 20% to 6% (Fig 4). A
minimum live coral cover of 10% is necessary to maintain a net positive budget in
carbonate production and relict A. palmata reefs, like those at BIRNM, tend to be net
erosional or net negative (Perry et al. 2013). This was due in part to the finding that A.
palmata accretion rates are about 65-70% lower than average Holocene rates. According
to these parameters, Buck Island would be classified as a net erosional reef. Since
carbonate production is necessary to maintain vertical growth, it is likely that this reef
will not be able to accrete at an equivalent rate to sea level rise. Consequently,
understanding the potential impact of sea level rise at this location is vital.
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4.1 THE IMPACT OF WAVES
The lower frequencies observed typically represent swell or infragravity waves which
have been observed in other reef systems (e.g., Pequignet et al. 2011, Huang et al. 2012,
Van Dongeren et al. 2013). Van Dongeren et al. (2013) modeled infragravity waves at a
fringing reef and determined that they are generated within the surf zone and are not due
to offshore forcing mechanisms. These infragravity waves were shown to have significant
impacts on the bed shear stresses in the lagoon and sediment transport (Su et al. 2010,
Van Dongeren et al. 2013). We observed bed ripples in the lagoon near BR, perhaps
suggesting the generation of these infragravity waves. The shoreline of Buck Island is
relatively vertical with no dissipative beach. Therefore reflection of waves in the lagoon
is probable and is potentially a major contribution to the lower frequencies observed.
The average energy reduction observed during the sampling period is tidally
dependent. The average FR to BR reduction is 66.88 ± 9.80 % for high tide and 93.49 ±
2.68% for low tide. With a tidal increase ranging from 0.35-0.5 m from MSL, energy
dissipation at the study site decreased by an average of 26% from FR to BR. From FR to
LA, energy dissipation decreased by 31%. These data suggest that with an increase of
approximately 0.4 m in sea level, a value well within the range of IPCC projected values,
that a minimum of 20-30% more energy will traverse the reef crest at low tide. In
addition to the 0.4 m sea level rise, this scenario assumes the reef will not vertically
accrete, which is likely to occur at BIRNM. As shown in the numerical models by
Storlazzi et al. (2011), an increase in water depth over the reef decreases the bottom
friction, which decreases wave breaking, thus allowing for larger, energetic waves to pass
the reef crest. The model also shows that larger wind-waves are able to develop in situ on
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the reef flat. More energy at the shoreline implies an increase in sediment transport or
shoreline erosion. There is an increase in peak-bed wave-induced shear stresses that
allow for the transport of terrestrial material (Storlazzi et al. 2011).
Impacts related to increasing energy with increasing sea level extend beyond the
reef and lagoon. Shoreline erosion is the most obvious consequence of this increase in
energy. At Buck Island Reef National Monument in particular, the position and width of
the only two sandy beaches on the island are strongly influenced by hydrodynamics,
already shifting seasonally. These beaches serve as critical nesting habitat for endangered
Leatherback, Hawksbill and Green sea turtles (National Park Service, 2011b) and are
beneficial to the recreation and tourism industry. If the magnitude of erosion is high,
other species already threatened face even further challenges. A numerical model by
Mandlier and Kench (2012) displayed these geomorphic changes. Their simulations
indicate that increasing water depth, or sea level, with changes in wave period may shift
coral island positions; this concept may be applied to beaches. Mandlier and Kench
(2013) state that this depth dependence of wave processes with the reef causes the
location of focal and terminal points to shift to leeward sides of the islands as opposed to
the windward sides. This shift allows for sediment accumulation on the leeward side and,
if the wave convergence zone is beyond the platform, the island may become
geomorphically unstable and succumb to the rising seas.
With the anticipated shifts in wave energy associated with the anticipated sea
level rise, there could be a shift in coral community composition with reduced rugosity or
geomorphic complexity that provides habitat for other marine species (Woodroffe, 2002),
and could decrease the overall biodiversity of a reef. This is due in part to the close
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relationship observed between wave energy and coral community structure (Geister 1977;
Woodroffe 2002; Tager et al. 2010). Coral species are often found to be associated with
certain wave energy regimes (Fig 16). Domal or massive corals (Diploria and
Montastraea) are associated with lower energy regimes and branching corals (A.
cervicornis) in moderate energy environments. As energy increases to higher levels, the
dominant species shift to platy branching corals (A. palmata) then followed by the
“weedy species” (Millepora). Very high energy environments shift to coralline algae or
encrusting corals that can withstand these harsher environments (Geister 1977,
Woodroffe 2002).
4.2 THE IMPACT OF CURRENTS
The current velocities are shown to have noticeable depth dependence in ACP2,
which is the deeper profiler situated near the opening of the lagoon. The lack of a depth
dependency on current velocities in ACP1 is likely due to the central location within the
lagoon and the effects of wave setup (Su et al. 2010; Pequignet et al. 2011). In earlier
studies of these processes (e.g. Suhayda and Roberts 1975; Roberts and Suhayda 1983;
Lugo-Fernandez et al. 1998) currents were generally higher at low tide and were linked
to an increase in wave breaking by the reef with the wave energy being transferred to
driving the currents. A more recent study concluded that higher water levels over the reef
were associated with a reduction in wave-driven flows, which is similar to the findings of
this study (Taebi et al. 2011). Conversely, when modeling the impact of +1.0 m of sea
level on the currents in a reef system Storlazzi et al. (2011) indicated an increase in water
depth would result in stronger currents due to the larger, more energetic waves passing
the reef crest. This drives the currents and reduces the roughness, thus allowing for less
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resistance and swifter currents. The response of current interactions may be more
complex and vary with reef morphology. Both scenarios have implications for sea level
rise. With a reduction in current velocities, there would be a reduction in flushing rates
of the lagoon (Roberts and Suhayda 1983, Roberts et al. 1975, Lugo-Fernandez et al.
1998a, Taebi et al. 2011). Flushing of the lagoon is important for the moderation of
temperature, salinity and water clarity (Roberts et al. 1975, Lugo-Fernandez et al. 1998,
Hearn 1999, Storlazzi et al. 2011) and therefore critical for coral health. Taebi et al.
(2011) suggested that a moderate sea level increase would lead to a reduction in lagoon
flushing.
Within the same context, sediment transport and turbidity would be impacted by
these shifts in current velocities. With an increase in current velocities, sediment transport
rates may increase on the reef and along the shoreline (Lugo-Fernandez et al. 1998,Su et
al. 2010, Storlazzi et al. 2011). The model by Storlazzi et al. (2011) indicated that the
larger waves will result in a higher resuspension of sediment. This was observed in the
field with increased concentrations of suspended sediment, associated with higher sea
levels (Storlazzi et al. 2004, Presto et al. 2006). Higher suspended concentrations have
implications for coral health because it is energetically expensive for coral to expel
sediment from their surface and sediment can also cause abrasion and burial (Richmond,
1993). A. palmata is a species that tends to be inefficient at sediment removal (NOAA,
2012).
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Figure 16. The relationship between wave energy and coral distribution. As wave energy
increases, the community composition changes and diversifies until reaching a maximum
level where diversity begins to decrease.
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4.3 CONCLUSION
With the various environmental factors affecting reef growth, the reef
morphology is likely to change and subsequently the impact on the hydrodynamics. The
results of this study indicate that if reefs are unable to maintain growth rates equivalent to
that of sea level rise, there will be more energy transferred to shore, shifts in flow regimes
and changes in coral community structures.
The Buck Island National Monument’s General Management Plan (unpublished draft;
personal communication, Ian Lundgren), states that there is a serious threat to the Park’s
natural resources and visitor activities over the long term due to the effects of climate
change from sea level rise, loss of critical habitat, loss of coral reefs and fisheries as well
as the threats faced by ocean acidification. In an effort to assess how the hydrodynamics
of reef systems will be impacted by changes in sea level, this study used tidal range as a
proxy for sea level rise and examined variations in wave energy dissipation and current
velocities. The chief findings of this study were as follows:
1. Energy reduction is decreased from 20-30% at high tide, approximately 0.4 m
higher than low tide. More energy propagates to the shoreline at higher sea level.
2. Current velocities are impacted by wave breaking and will be reduced with higher
sea level and a reef lagging in vertical accretion, potentially decreasing lagoonal
flushing.
3. The available parameters of successful reef accretion indicate that Buck Island
Reef National Monument may not maintain an equal pace with sea level if current
conditions persist
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